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Jackson, Christopher Ross. USE OF CONTROLLED RELEASE (ENCAPSULATED 
CHEMICAL OXIDANT) POLYMER FOR REMEDIATION OF CONTAMINATED 
WATER USED FOR INTENTIONAL BIOTHREAT TERRORISM AND ITS 
POTENTIAL APPLICATION FOR DISINFECTION OF AGRICULTURAL WASTE 
POLLUTION. (Major Professor: Dr. Stephanie Luster-Teasley), North Carolina 
Agricultural and Technical State University.  
 
 The threat of biological agents being used to harm mass populations are of 
extreme importance in the 21
st
 century. Pathogenic agents such as bacteria, viruses, fungi, 
protozoan, and helminthes are of major concern in the wake that they can be used to 
cause death to anyone exposed. Agents like these can be disseminated by air, through 
water, or from animal, food, or human-to-human transmission. Controlled release 
methods are extensively used in the medical and agricultural industry to release 
chemicals at controlled rates for drug delivery in the human body or pesticide treatments 
for farming. Few researchers have investigated the use of controlled release methods for 
environmental engineering remediation. The objective of this research is to investigate 
the feasibility of designing a controlled release polymer (CRP) system to reduce pathogen 
levels in water bodies. A research group at North Carolina Agricultural and Technical 
State University is investigating the ability to encapsulate a chemical oxidant (chemox) 
within biodegradable polymers to treat water contaminated by pathogens.   
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CHAPTER 1  
INTRODUCTION 
1.1 Background and Theory 
 Since the attacks on the World Trade Center (WTC) buildings and the Pentagon 
on September 11, 2001 the remnant of terror is still prevalent. Terroristic devastation 
such as WTC and the anthrax scare in the U.S. continue to affect thousands of civilians 
forming a nation where the fear of bioterrorism has become real (Yadav & Blaine, 2004). 
The concern of another attack capable of such magnitude remains. Terror groups exist 
internationally as well as domestically and are driven by political, religious, or even 
socio-economic reasoning. In recent years terrorist attacks have shifted motivationally 
from being politically driven to more fatalistic approaches. Current-day terrorism is more 
often than not religiously or ethnically driven (Byrnes, King, & Tierno, 2003). In the 
modern age biological and biochemical weapons have become widespread and can be 
made readily available for harmful use. According to J.D. Douglass Jr. and Livingstone 
(1987) biological weapons would only cost an appraised US$1 per square kilometer 
compared to the use of conventional weapons being US$2,000 per square kilometer, 
nuclear weapons costing US$800, and chemical weapons US$600. Das and Katrina 
(2010) indicate the existence of such nations and dissident groups who are motivationally 
driven enough and possess the skills to formulate dangerous pathogens and employ them 
as terroristic acts. Such biological or biochemical weapons would be the use of known 





These materials can be adhibitted to endanger multiple species of life (e.g. humans, 
livestock, plants). Pathogenic agents can be dissipated in multifarious methods including 
aerosolization, food and water contamination, or by blood-feeding insects (Yadav & 
Blaine, 2004). Contamination of water by biochemical and biological agents are of major 
concern as water systems are vast and can be unprotected and unmonitored. The spread 
of disease by means of bio-contamination raises interest in defense organizations, 
committees, and groups nationwide as a potential threat to U.S. soil still lingers. New 
water remediation techniques are sought to alleviate the detrimental affect these 
contaminants can have. Water as a natural resource is vast and mostly unprotected. 
Lakes, rivers, reservoirs, and aquifers are all part of the hydrologic system and can be 
devastated by a planned attack.  
The Occupational Safety and Health Administration (OSHA) define bioterrorism 
as “an intentional use of micro-organisms to bring about ill effects or death to humans, 
livestock or crops.” The U.S. Centers for Disease Control and Prevention (CDC) defines 
a “bioterrorism attack” as a “deliberate release of viruses, bacteria, or plants” and “can be 
spread through the air, through water, or in food.” CDC classifies bioterrorism agents into 
categories A, B, and C displayed in Table 1.1. Each category classification depends upon 
the severity of sickness or bereavement and the ease of suffusion. Category A is the 
highest risk to the public and national security because of easy dissemination or 
transference from person to person. These agents can cause immense mortality rates. 





disseminated, causing high morbidity rates, but low in mortality rates. Category C is 
considered presage for disease. These are placed among third highest of priority agents 
including emerging pathogens that have the potential to be manifested for major 
propagation and having the potential for high morbidity and mortality rates. Category A 
agents of main concern are anthrax (Bacillus anthracis), botulism (Clostridium botulinum 
toxin), smallpox (variola major), plague (Yersinia pestis), Tularemia (Francisella 
tularensis), and viral hemorrhagic fevers (filoviruses and arena viruses). “The agents 
anthrax, plague, brucellosis, smallpox, viral encephalitides, and viral hemorrhagic fevers 
can be aerosolized and distributed over large geographic areas” (Das & Kataria, 2010). 
Table 1.2 exemplifies survival times for commonly known flood-borne pathogens. 
Bacteria such as Shigella and E. coli can survive for hours, days, and even months 
depending upon the pathogen. Viruses associated with gastrointestinal illnesses (e.g. 
Norovirus and Rotavirus) also survive in flood waters from hours until days resulting in 
varying exposure times. Table 1.3 denotes a guideline for safe, drinkable water and the 
amount of Total coliform and E. coli bacteria allowed in water. Water intended for 









Table 1.1  Bioterrorism Agents of risk to public and national security 
Categories Agents/ Diseases 
Category A 
These high-priority agents include organisms 
and toxins that pose the highest risk to the 
public and national security because:  
 They can be easily spread or 
transmitted from person to person 
 They result in high death rates  and 
have the potential for major public 
health impact 
 They might cause public panic and 
social disruption 
 They require special action for 
public health preparedness. 
 Anthrax (Bacillus anthracis) 
 Botulism (Clostridium  botulinum  
toxin) 
 Plague (Yersinia pestis) 
 Smallpox (variola major) 
 Tularemia (Francisella tularensis) 
 Viral hemorrhagic fevers (filoviruses 
[e.g., Ebola, Marburg] and 
arenaviruses [e.g., Lassa, Machupo]) 
 
Category B 
These agents are the second highest priority 
because: 
 They are moderately easy to spread  
 They result in moderate illness rates 
and low death rates 
 They require specific enhancements 
in CDC’s laboratory capacity and 
enhanced disease monitoring. 
 Brucellosis (Brucella species) 
 Epsilon toxin of Clostridium 
perfringens 
 Food safety threats (e.g., Salmonella 
species, Escherichia coli O157:H7, 
Shigella)  
 Glanders (Burkholderia  mallei) 
 Melioidosis (Burkholderia 
psuedomallei) 
 Pisttacosis (Chlamydia psittaci) 
 Ricin toxin from Ricinus communis 
(castor beans) 
 Staphylococcal enterotoxin B 
 Typhus fever (Rickettsia prowazekii) 
 Viral encephalitis (alphaviruses [e.g., 
Venezuelan equine encephalitis, 
eastern equine encephalitis, western 
equine encephalitis]) 
 Water safety threats (e.g, Vibrio 
cholerae, Cryptosporidium parvum  
Category C 
These third highest priority agents include 
emerging pathogens that could be engineered 
for mass spread in future because:  
 They are easily available 
 They are easily produced and spread 
 They have potential for high 
morbidity and mortality rates and 
major health impact. 
 Emerging infectious diseases such as 






Table 1.2  Wide range of survival times for common flood-borne pathogens 
  Potential flood-borne pathogens 
(Fewtrell et al., 2010) 
Total survival time                         
(Kramer et al., 2006) 
  
    
































































Candida parapsilosis 14 days 
    Torulopsis glabrata 102-150 days   







Table 1.3  Guidelines for potable drinking water 
         All water intended for drinking           
 
E. coli or thermotolerant coliform bacteria 
must not be detectable in any 100 ml sample    
    Treated water entering the distrubuition system 
   
 
E. coli or themotolerant coliform 
bacteria must not be detectable in 
any 100 ml sample 
    
     
 
Total coliform bacteria:                                    
Must not be detectable in any 100 ml 
sample 
    
     Treated water in the distribuition system 
    
 
E. coli or thermotolerant coliform 
bacteria must not be detectable in 
any 100 ml sample 
    
     
 
Total coliform bacteria:                                                                                                 
Must not be detectable in any 100 ml sample. In the case of large 
supplies where sufficient samples are examined, must not be 





    
Source: Pawsey and Howard, 2011 
 
1.2 Thesis Focus and Controlled Release Polymer 
 The ability to encapsulate a chemical oxidant within a biodegradable polymer to 
control diffusion into water for pathogen reduction has been the main goal of this study. 
This thesis work investigated the use of controlled release polymer (CRP) to reduce 
pathogen levels in wastewater samples. This research is designed to consider the scenario 
where large quantities of bacteria are intentionally introduced to drinking water supplies. 
Using wastewater to mimic a potentially large source of bacteria, Escherichia coli (E. 





bacteria, where mitigated using CRP. Chapter 2 will provide a review of literature for 
chemical oxidation and controlled release treatment. Chapter 3 will provide a full 
discussion of materials and methods used for this study. Chapter 4 addresses results and 
discussion for research on bio-threat abatement and computer modeling.  Chapter 5 will 

















CHAPTER 2  
LITERATURE REVIEW 
2.1 Controlled Release Oxidation Polymer 
 Controlled-Release Polymer (CRP) was developed in the Luster-Teasley Research 
lab as a method to slowly release chemical oxidants in contaminated water and soil 
systems. The controlled release oxidation (CRO) technology has been patented by Dr. 
Stephanie Luster-Teasley at North Carolina Agricultural and Technical State University 
(NCA&TSU). The polymer is biodegradable and some of the polymer prototypes are 
designed to naturally dissolve in water causing minimum adverse impact to the 
environment. Pellets ranging in size from 3-5 millimeters (mm) are able to deliver the 
oxidant for 30-47 days. This allows for elongated treatment intervals for continued 
remediation and improves the ability of the polymer to safely deliver chemical oxidants 
for extended periods of time. The release mechanism system responds in one of two ways 
seen in Figures 2.1 and 2.2. Figure 2.1 depicts mechanism 1 through surface erosion and 
Figure 2.2 by diffusion followed by degradation. This method has several advantages: (1) 
It stabilizes the solid oxidants for emplacement in the subsurface, surface water, or 
augured into contaminated sediment and soil. (2) It reduces the need for maintenance 
associated with gaseous and liquid oxidants. (3) It reduces the dangers associated with 
handling the oxidant by workers. (4) It effectively extends the ability to provide chemox 
treatment for remediation in a fashion similar to drug formulations delivered in the body 





concentration of chemical oxidant in water and how the oxidant either diffuses followed 
by degradation or erodes through the surface of polymer. The CRP device has the ability 
to reduce the risk of exposure to our nations’ water supply to the intentional release of 
pathogens, or accidental release of pathogens by floods and breaches in infrastructure. On 
a large scale, our polymer can be utilized to reduce infectious agents in large volumes of 
water such as streams, lakes, rivers, sewer drains, or even from a local treatment facility, 
thus overall protecting public safety. The polymer used in this study is polycaprolactone 
(PCL). PCL is a substantial polymer-type to employ because it is known to be degradable 
in both abiotic and biotic environments.  
 
 











Figure  2.3 Display of single CRP pellet containing low concentration of chemical 
oxidant in water 
 
2.2 Poly (ε-caprolactone) Polymer 
 Polycaprolactone (PCL) is a semi-crystalline flexible polymer with adequate 





the biodegradation of PCL (Rutkowska et al., 1998; Chen et al., 2000; Honda and Osawa, 
2002; Abdel-Rehim et al., 2004; (Abdel-Rehim, Yoshii, & Kume, 2004; Zhao et al., 
2008). Previous studies have demonstrated that PCL is partially crystalline polyester with 
a crystallinity of 40-60% as determined by using different methods (He & Inoue, 2000; 
Zhao, et al., 2008). Crystallinity of the polymer affects degradation. Generally, as 
crystallinity decreases the degradation rate of PCL increases. He and Inoue (2000) 
demonstrated that employing the Fourier transform infrared spectroscopy (FTIR) to 
determine the degree of crystallinity was in-fact comparable to other conventional 
techniques used by being within the 40-60% crystallinity range. These various techniques 
of determining the crystalline state in polymers included X-ray diffraction, density 
methods, thermal analysis, nuclear magnetic resonance (NMR) and infrared (IR) 
spectroscopy.  Zhao et al., (2008) used novel ecocomposites, degradable PCL and a 
natural lignocellulosic material, rice husk (RH) to study the crystallization behavior by 
means of differential scanning calorimetry (DSC). The biodegradation behavior of PCL/ 
RH eco-composites was investigated utilizing a soil suspension system (i.e. simulated 
soil medium) and numerical analysis on the degradation of the two components (i.e. RH 
and PCL) were done by a modified TGA method.  The two types of microorganisms of 
interest in the biodegradation of natural and synthetic polymers are bacteria and fungi. 
This is because biological agents such as the two previously mentioned and their 
enzymes consume the polymer as a food source under favorable conditions of moisture, 
temperature, and oxygen availability, biodegradation is a relatively rapid process, 





 Chen et al., (2000) worked on PCL microparticles and their biodegradation. A 
comparison of the degradation rate of both film-like and microparticle-like PCL was 
completed. Evidence revealed that surface area has no relevance on the degradation rate 
of the PCL sample because although the specific area of the microparticles were much 
larger (about 67 times larger) than the film-like PCL, the degradation rate of the PCL film 
was no different than that of microparticles.  Rutkowska et al., (1998) examined the 
biodegradation of PCL in sea water. They concluded that the natural environment of the 
sea water; being the “sunlight, wind and mechanical stress,” of the sea water environment 
allows for degradation of PCL. The degradation of PCL is known to occur in two distinct 
stages. First stage being nonenzymatic, random hydrolytic ester cleavage. The second 
stage begins with the beginning of weight loss and the slow of rate of chain scission. This 
is because of the diffusion of oliogomeric species from the bulk of the polymer 
(Rutkowska, Jastrzębska, & Janik, 1998).  PCL has also been used as a plasticizer, but 
rather difficult in melting due to its low melting temperature (60°C) (Abdel-Rehim, et al., 
2004). However, its low melting point (59ºC-64ºC) along with its solubility, and blend-
compatibility has raised extensive research into its potential biomedical applications. 
(Woodruff & Hutmacher, 2010) The degradation in vivo of PCL is much slower than that 
of poly(α-hydroxy acid)s, therefore, PCL is much more suitable for controlled release 
devices equipped for longer lifetimes. (Chandra & Rustgi, 1998)  PCL degradation 
periods have been recorded; Rutkowska et al. (1998) recorded a complete biodegradation 
time of 2 months in sea water.  Other biodegradable polymers along with PCL are 





2000; Woodruff and Hutmacher, 2010). All three are biodegradable and biocompatible. 
Among them, PCL is one of the widely used biodegradable polymers due to its ability for 
use in “drug” delivery, permeability to release chemicals, and biocompatibility (Chen, 
Bei, & Wang, 2000).  
2.3 Waterborne Pathogens 
Pathogenic organisms, in humans and non-human fecal wastes, can be categorized 
into four essential groups: Viruses, Bacteria, Protozoan, and Helminthes (or Intestinal 
Worms.) Most pathogenic organisms can be traced to human and animal fecal matter. 
Microorganisms found in animal waste are known as manure-borne pathogens (MBPs). 
Bacteria have long been associated as agents responsible for copious waterborne diseases. 
These organisms can be identified among a very diverse group of more than 2,000 
species as both free-living and parasitic forms that are not obligate intracellular parasites. 
Rather they share the basic characteristics of a prokaryotic, unicellular mode of existence 
and may have the ability to be mobile or stationary due to the presence of flagella, or lack 
of flagella. They contain the cellular machinery that allows maintenance, growth, and 
replication (Lingireddy, 2002).  These groups of microorganisms differ in shape, size, 
cellular composition, nutritional requirements, metabolic capabilities, and habitats. 
Bacteria sizes can range from sub-micrometer to micrometer ranges, roughly averaging 
about 1-2 micrometers across and may be present as cocci (i.e. spheres), rod-shaped, 
curved or spiral formations (Sankaran, 2000).  Several bacteria considered major MBPs 





Salmonella, Yersinia enterocolitica and protozoan such as Cryptospiridium parvuum and 
Giardia (Y. A. Pachepsky, A.M. Sadeghi, S.A. Bradford, D.R. Shelton, A.K. Guber, T. 
Dao, 2006). Table 2.1 provides a list of waterborne pathogens. There are 12 pathogens 
listed that are bacteria, 7 viruses, 6 protozoan, and 2 helminthes. Pathogens associated 
with water include bacteria responsible for cholera, bacillary dysentery, typhoid, and 
paratyphoid fever; viruses responsible for infectious hepatitis and poliomyelitis; 
protozoa, which cause amebic dysentery and giardiasis; and helminthes, or parasitic 
worms, which cause diseases such as schistosomiasis and dracontiasis (guinea worm)
 
 
(Masters, 1991). Viruses are obligate intracellular parasites and are simply comprised of a 
genetic element, surrounded by a protein capsid (Lingireddy, 2002). Typically, on a 
cellular level, they do not have the requirements for reproduction or respiration. They can 
pose challenges when treating because most viruses of significance are less than 0.22 
micrometers (µm) and can easily pass through microbiological filters, therefore not being 
removed by filtration processes. Protozoa are eukaryotic organisms that range from free 
living organisms to obligate intracellular parasites. Most protozoa are at least 1 micron 
(µ) in diameter; this size makes the protozoa controllable by physical removal 
(Lingireddy, 2002).  
 Agricultural processes such as fertilization for crop production and pesticides 
have potential to infiltrate groundwater systems and be carried away in surface runoff 
into open water systems. Previous studies indicate that manure-born microorganisms are 





Surface and sub-surface contamination linked to transport of pathogenic microorganisms 
from animal waste is detrimental to the status of surface and groundwater quality 
(Ferguson, de Roda Husman, Altavilla, Deere, & Ashbolt, 2003; Jamieson, Gordon, Joy, 
& Lee, 2004; Kay et al., 2007; Oliver, Clegg, Haygarth, & Heathwaite, 2005; Y. A. 
Pachepsky, Guber, Shelton, & McCarty, 2009). Major determinants of ground infiltration 
by bacteria are the structure of the soil affected in addition to the velocity of water flow 
through the soil (Gannon, Mingelgrin, Alexander, & Wagenet, 1991; Harvey, George, 
Smith, & LeBlanc, 1989; Smith, Thomas, White, & Ritonga, 1985). Jenkins et al. (2008) 
reported millions of tons of waste byproducts being generated yearly by the U.S. poultry 
industry composed of feces, feathers, and bedding materials. This waste also contains 
pathogenic bacteria such as Salmonella, Campylobacter, and Clostridium perfringes 
(Jeffrey, Kirk, Atwill, & Cullor, 1998; Kelley et al., 1994) fecal indicator bacteria E. coli 













Table  2.1 Waterborne Pathogens 
Bacteria  Campylobacter jejunji Campylobacter coli 
  Salmonella typhi Pathogenic Escherichia coli 
  Pathogenic Escherichia coli  Shigella spp. 
  Other salmonellae 
 
Yersinia enterocoltica 
  Vibrio cholera  
 
Pseudomonas aeruginosa 
  Aeromonas spp. 
 
Mycobacterium, atypical 
  Legionella 
 
 
Viruses  Adenoviruses Hepatitis E 
  Enteroviruses  Norwalk Virus 
  Hepatitis A  Rotavirus 
Protozoa  Entamoeba histolytica Naegleria fowleri 
  Giardia intestinalis Balantidium coli 
  Cryptosporidium parvum Acanthamoeba 
  Helminths   Dracunculus medinensis 
  Schistosoma spp.  
Source: Pawsey and Howard, 2001 
2.4 Potassium Peroxymonosulfate as an Alternative Disinfectant 
 In the modern water treatment process several types of disinfectants can be used 
to eliminate microorganisms present in water. The employment of a disinfection 
technique is pertinent as it is responsible for inactivating harmful microorganisms. 
Popular disinfectants used at wastewater treatment plants are chlorination, the use of 
ozone (O3), and UV lighting. The particular method used at a treatment facility would 
differ due to treatment/disinfection options, their efficiencies, cost considerations, quality 
of source water, etc (Lingireddy, 2002). Disinfectants utilized are chlorine and 
chloramines, chlorine dioxide, ultraviolet light, and ozonation (i.e. the use of ozone as a 





lighting are popular disinfectants among wastewater treatment plants. UV irradiation was 
first introduced as a disinfection method in 1910, after the development of mercury vapor 
lamp and the quartz tube which established the germicidal effect of UV irradiation. 
(Hijnen, Beerendonk, & Medema, 2006). Due to the advent of using chlorination, UV 
disinfection became less popular because of economical responsibility. Operation of 
Ultra Violet light was costly for the purpose of reliability and maintenance. Chlorination 
is the least costly and most common method of disinfection. The issue with the 
application of chlorine as a disinfection method is the fact that hazardous oxidation by-
products also known as disinfection by-products  (DBPs) are created, which can have a 
tremendous effect on the biological stability of water. Those by-products are: Haloacetic 
acids (HAAs), Trihalomethanes (THMs), Dichloroacetic acid (DCAA), Trichloroacetic 
acid (TCAA), Chloroforms. THMs, DCAA, TCAA, chloroforms, HAAs, and 
bromodichloromethane are all suspected to be carcinogens in humans (IARC, 1991; 
WHO, 1996; Nissinen et al., 2002) (Anipsitakis, Tufano, & Dionysiou, 2008). Other 
disadvantages associated with chlorine include taste, odor, ineffectiveness against certain 
microorganisms (e.g. Cryptosporidium parvum), regulatory failures, and of course the 
generation of potentially toxic DPB’s (M. I. Kerwick, S. M. Reddy, A. H. L. 
Chamberlain, & D. M. Holt, 2005). For water treatment facilities (e.g. Wastewater and 
drinking water) disinfection usually is applied last as an advanced treatment technique. 
This ensures that microorganisms that have been present throughout the treatment 
process are fully eradicated or lowered to an acceptable level of risk exposure. These 





Agency (EPA) and by state and city regulations. Under the National Primary Drinking 
Water Regulations (NPDWR) or better known as primary standards, the EPA legally 
enforces standards that apply to public water systems to ensure the safety and health of 
the public by controlling the levels of contaminants in water. Table 5 provides a list of 
regulated contaminants and their maximum contaminant levels (MCLs). Notice how for 
TC, which includes fecal coliform and E. coli, the maximum contaminant level goal 
(MCLGs) is not to exceed zero although 5% of these microorganisms present is tolerable 
and listed as not being essential health threats due to the fact that they exist naturally in 
the environment. Defined by EPA, the MCL is the highest amount of contaminant 
allowed in drinking water. MCL’s are set closely to MCLG’s which are the allowable 
levels of contaminant present where little to no risk of health are applicable once 
exposed. Contaminants monitored by EPA are subcategorized into microorganisms, 
disinfectants, disinfection byproducts (DBPs), inorganic chemicals, organic chemicals, 
and radionuclides. For the purpose of this research, I primarily focused on 
microorganisms, disinfectants, and DBP’s. 
As a result to the disadvantages of chlorine disinfection, a number of alternative 
water disinfection systems have been suggested. These substitute systems vary including 
chemical systems such as silver, copper, ferrate, iodine, bromine, hydrogen peroxide, 
potassium permanganate, and ozone. Physio-chemical systems include titanium 
photocatalysis, photodynamic disinfection, and electrochemical disinfection. The 





irradiation, magnetic enhanced disinfection, and microwave systems (M. Kerwick, S. 
Reddy, A. Chamberlain, & D. Holt, 2005).  Bruggen and Vandecasteele (2003) studied 
the possibility of using nanofiltration (NF) to remove hardness, natural organic material 
(NOM), salinity, nitrates, arsenic, viruses and bacteria, and micropollutants such as 
pesticides and volatile organic compounds (VOCs). Their research revolved around 
replacing traditional treatment processes by a single membrane treatment that is 
essentially more cost effective for water companies. The removal of viruses and bacteria 
are known to be of extreme pertinence for the quality of drinking water.  Membrane 
filtration was set as an extra barrier for viruses and bacteria to improve disinfection. 
Other forms of filtration also maintained levels of acceptance; Ultrafiltration (UF) and 
Microfiltration (MF). Bacteria ranging in size between 0.5-10 µm along with protozoan 
cysts and oocysts ranging in sizes 3-15 µm were a guaranteed removal by at least 4-log 
unit UF membrane. E.coli/100 ml and Coliform/ 100 ml levels from a pilot plant 
operation were reduced to less than 2 (Van der Bruggen & Vandecasteele, 2003). 
Kerwick et al. (2005) conducted a study using a series of experiments evaluating the 
disinfection ability of an electrochemical disinfection technology against E. coli and 
bacteriophage MS2. The results suggested the effectiveness of electrochemical 
disinfection without the generation of chlorine species or DPB’s. 
 Potassium Peroxymonosulfate (2K2HSO5·KHSO4·K2SO4) commercially available 
as Oxone® created by DuPont Co. is widely used as an oxidizer for various industrial and 





swimming pools and spas. (Anipsitakis, et al., 2008)   Much literature has been written on 
the use of Potassium Peroxymonosulfate (Oxone®) as a disinfectant in the past decade 
(Anipsitakis et al. 2003, 2004, 2005, and 2008; Delcomyn et al. 2006; Luster-Teasley et 
al. 2011). Anipsitakis et al. (2008) studied activated potassium peroxymonosulfate as a 
viable treatment reagent in recreational waters. Specific constituents or derivates of 
human discharge such as ammonium ion, creatinine, chlorinated creatinine products, 
arginine and E. coli were tested. (Anipsitakis & Dionysiou, 2003) Delcomyn et al. (2006) 
looked at a neutral, bicarbonate-buffered aqueous solution containing Oxone® and 
sodium chloride.  This solution was evaluated as a new alternative to bleach for 
inactivation of microbiological agents. An Oxone-seawater mixture was also analyzed.  
More than an 8-log-inactivation of E. coli was achieved within 30 seconds (s) when 
exposed to the buffered Oxone-chloride and buffered Oxone® separately.  Greater than a 
7-log inactivation of E. coli was achieved in 10 minutes (min) at temperatures -5, 10, 22, 
and 55°C. Overall results suggested that Oxone-chloride and Oxone-seawater were 
excellent alternatives to bleach and that they could potentially be used as disinfectant 
solutions for clean-up efforts after a natural disaster (e.g. Treatment of mold in flooded 
home). (Delcomyn, Bushway, & Henley, 2006)  
Most research focuses on the use of Oxone as an oxidizer (Anipsitakis & 
Dionysiou, 2004b; Popiel, Witkiewicz, & Szewczuk, 2005; Shu, 2005). Hung Yee-Shu 
(2005) worked on an alternative reactor design and synthesis route as an approach to 





cycloocetene in an aqueous potassium peroxymonosulfate (i.e. commercially available as 
Oxone®) solution. The aqueous Oxone®
 
solution was utilized as an oxidizer of the 
dispersion of alkaline droplets into epoxide form. This method was studied in various 
reactor systems. Popiel et al. (2005) studied the reactions of sulfur mustard with oxidants 
using a gas chromatograph (GC) coupled with an atomic emission detector (AED).  The 
following oxidants were used; hydrogen peroxide, sodium hypochlorite, sodium 
perborate, potassium monopercarbonate, ammonium peroxydisulfate, potassium 
peroxymonosulfate, and tert-butyl peroxide. Oxidation rates were connected to types of 
oxidants; namely sodium hypochlorite and potassium peroxymonosulfate were fast acting 
reagents. Tert-butyl peroxide was the slowest reacting oxidant and the remaining 4 were 















CHAPTER 3  
METHODOLOGY AND PROCEDURE 
3.1 Introduction 
 This study investigated the use of potassium peroxymonosulfate (oxone) 
encapsulated into diffused PCL biodegradable polymer and its overall effect on 
remediation of certain bacteria in water. The use of Oxone encapsulated into PCL has 
been patented by Dr. Stephanie Luster-Teasley (US 2009/0105371 A1). Indicator 
bacterium Eshericha Coli (E. coli), total coliform (TC), and fecal enterococci (FE) levels 
were quantified using microbial analysis techniques and the effectiveness of the 
controlled biodegradable release polymer (CBRP) to reduce pathogen levels were 
determined. These bacteria can be traced to the intestinal lines of warm-blooded 
mammals (e.g. human and animals) and serve as indicators for other known pathogenic 
organisms to be present.   
3.2 Methods and Materials 
3.2.1 Water Sampling 
 Microbial analyses were performed on collected agricultural waste water.  
Locations for water samples were determined by areas that are known to contain 
microbial pathogenic agents.  For example, lakes where geese flourish was proven to 
have pools of Escherichia coli (EC) and others pathogenic agents. Farm lagoon water 
from cattle and swine waste, used for collection and treatment, also provided high-





aqueous form. Using these sources, water samples containing naturally occurring 
pathogens were collected for experiments. A sampling device was made using a Wooster 
Sherlock R057 painting rod which includes an 8’- 16’ adjustable extension pole (Figure 
3.1). Attached by screw is a housing that can hold in place a 1 Liter (L) wide-mouthed 
sterile plastic bottle. Before gathering water, the plastic container was filled and dumped 
twenty-five times in the contaminated source. This provided a well-mixed water sample 
containing a representative sample containing pathogens. 1 Liter samples of water were 
collected and stored on ice and used within 24- hrs. of collection. 
 
 






3.2.1.1 Agricultural wastewater sampling at NCA&T 
 Agricultural wastewater was collected from NCA&T’s Swine farm unit located 
on JFK Dairy Road (Greensboro, NC). A&T’s swine farm has three lagoons (Figure 3.2) 
used for the storage of wastewater washed from the floors of the swine unit. The swine 
unit produces 4,200 gallons of wastewater per day. Approximately 60 pigs are housed 
into three housing units (Figure 3.3). The floor of the housing unit is constructed of 
concrete with one-inch slits for every six inches. This lies directly over an 850 gallon 
collection pit. Every 30 days, the 60 pigs are moved to a clean disinfected housing unit. 
The soiled housing units are then pressure washed with recycled water pumped from the 
third storage lagoon. This water then falls into the collection pit and pumps back into 
storage Lagoon 1 seen in Figure 3.2 and 3.4 (Craig, 2010). Lagoon 1 was the source of 
the high strength wastewater used for the experiments. Swine water in this case gave the 
best example of large volumes of pure contamination that a terrorist would readily access 
or could represent the types of pathogen that would be present at a municipal wastewater 
treatment plant. Since access to raw wastewater from a public municipal plant was not 






















Figure 3.4 Swine waste water pumped into Lagoon 1 at NCA&T 
 
3.2.1.2 Summer Research Sampling at MSU 
 Samples from cattle waste was collected between June 2010 and August 2010 at 
Michigan State University’s (MSU) Dairy Cattle Teaching & Research facility.  The 
MSU dairy farm consists of Holstein milking cows. (MSU Department of Animal 
Science: Dairy Cattle Teaching and Research Center.) Wastewater was collected from a 
cattle lagoon waste tank where the waste from adult and sub-adult females (i.e. cows and 
heifers) are collected into one filling area separated by a concrete partition (Figures 3.5 
and 3.6). The property is hosed-washed (i.e. similar to the procedure done at NCA&T) 
along with rainwater runoff from the site into two storage basins constructed of concrete. 
The left side of the basin is for heifer calves and the right side holds adult heifer waste 







Figure 3.5 Holding tank for adult heifer waste materials 1 
 





3.2.2 Microbial Analysis 
 By membrane filtration technique and Idexx Quanti-Tray
®
 System, microbial 
agents, E. coli, Enterococci, and Total Coliform, were successfully analyzed. All 
experiments were performed in coherence with EPA’s analytical methods for microbial 
contaminants developed by EPA’s Office of Research and Development. These microbial 
experiments tests for bacteria, protozoan, and viruses. For the purpose of this research, 
bacterial methods have been the main focus of laboratorial examination. 
3.2.2.1 Membrane Filtration 
Materials used to achieve the membrane filter technique consisted of petri dishes, 
0.45 µm membrane filters, sterilized glass or polystyrene sterile disposable serological 
pipettes (ranging from 5 mL to 20 mL), Phospahate Buffered Water (PBW), membrane-
Enterococcus Indoxyl β-D-Glucoside Agar (mEI Agar), membrane-Thermotolerant 
Escherichia Coli Agar (mTEC Agar), and filtration units.  The filtration system (Figure 
3.7) included a manifold able to hold three filter bases, a vacuumed pumping device 
connected to the top of an Erlenmeyer flask by tubing, and a magnetically clamped filter 
houses. The manifold was connected to the side opening of the Erlenmeyer flask. The 
filter houses utilized were magnetic instead of a clamping device which allowed for ease 
of movement. All filter houses were washed, dried, and wrapped in aluminum foil for 
sterilization. A Yamato SM52 Autoclave, purchased from Yamato Scientific Co., LTD 
was used for the sterilization cycle for 15 min at 121°C and the decontamination cycle for 





sterilized and decontaminated. PBW was used as a rinsing agent for equipment during 
microbial analysis. PBW is a water-based substance that is formed mixing soluble 
chemicals, Magnesium Chloride (MgCl2) and Potassium Dihydrogen Phosphate 
(KH2PO4) with Milli-Q water (i.e. purified water).  To make PBW, ingredients are added 
per liter. For example, 1.25 mL from the KH2PO4 stock solution in addition to 5 mL of 
stocked MgCl2 are added to a flask with the capacity to hold 4 L (4000 ml), per 1 L of 
PBW concentration needed (e.g. For 3 L of water, 1.25 ml of MgCl2 and 5 ml of KH2PO4 
are added per 1 L of water, therefore constituting 1.25 mm x 3 L = 3.75 ml of MgCl2 and 
5 ml x 3 L= 15 ml for KH2PO4).   The water that passed through the filter allowed the 
bacteria to remain on the filter and therefore be cultured. Bacterial growth is induced by 
standard equipment incubators. E. coli cultured growth includes humidified incubator set 
at 35°C where plates remain for 24 hours for colony quantification. Enterococci colonies 
are grown at 41°C for 24 hours. Additional materials required were laboratory gloves, 
hand tally counters, igniters, forceps with smooth tips for gentle handling of filters, and 
100 ml alcohol lamps filled with ethanol solution. A permanent fine point Sharpie® was 







Figure 3.7 Membrane filtration manifold  
 
Sterile petri dishes accommodated with internal absorbent padding were 
purchased from Millipore Corporation (Billerica, MA). The sterile culturing petri dishes 
have a diameter of 47 mm and volume capacity up to 3-5 ml.  Appropriate agars were 
implanted into the petri dishes according to EPA’s analytical Method 1600 for mEI (US 
Environmental Protection Agency, 2006a) and Method 1603 (US Environmental 
Protection Agency, 2006b) for mTEC. Both mEI and mTEC Agars were purchased in 
bulk of 500 g from Difco Laboratories (Sparks, MD), a subsidiary of Becton, Dickinson, 
and company (BD). These agars serve as a base for the chromogenic detection and 
enumeration of Enteroccoci and E. coli in water by membrane filter technique. The 
approximate yield for mEI in 50 mm plates is 1380 and the yield for mTEC in 50 mm 





Membrane filters used consisted of mixed cellulose Ester Grid with a pore size of 
0.45 µm HAWG. The filters were acquired from two sources being Millipore and Pall 
Corporation (Ann Arbor, Michigan).  Sterilized forceps were used to deliver filters to the 
petri dish by dipping in 70% ethanol and burning the tips of forceps before filter paper 
contact (i.e. flame-sterilizing). This process was done before and after the filtration 
technique to maintain sterilization. Once the filtration process has been completed, filters 
are gently placed inside petri dishes with respective agars, broths, etc. Shelved in 
humidified incubators of temperatures 41°C or 35°C for 24 hrs and thereafter bacterial 
growth can be enumerated. By using hand-held tally counters, bacteria colonies were read 
and recorded the number of bacteria present for mEI and mTEC. Whenever membrane 
filtration was done we used Phosphate Buffered Water (PBW) to soak the filters, pre-
wash filter housings, and help conduct experiments. Figure 3.8 displays imagery once 
colonies had formed after 24 hours of incubation.  In the upper left, mEI was used to 
generate Enterococcus forming blue colonies. In the lower left, mTEC was used to induce 
E. coli forming purple colonies. Table 3.1 exemplifies a legend for membrane filtration 






                     










Table 3.1 Membrane Filtration Media Legend 
Bacteria/Virus Media Colors Colony Colors 
mENDO Purple Pink/Purple 
mEI** Tan Blue Halos 
Clostridium** Purple Pink 
Vibrio cholera Green Yellow/Orange 
Salmonella Red Black 
mTEC** Lighter/similar to mEI Magenta 
EasyPhage Dark Red Perfect clear circles 
Crytospiridium Similar to mTEC Fluorescent Circle 
Giardia Similar to mTEC Fluorescent Ellipse (oval) 
Colilert (coliform)**  Yellow 
Colilert (E. coli)**  Fluorescent Blue under UV light 
Enterolert 
(Enterococci)** 
 Fluorescent Blue under UV light 
** Involved in research experiments 
Figure 3.8 Membrane cultivation of Enterococci, Heterotrophic bacteria, E. coli, 
and clostridium using agars (A) mEI (upper left), (B) mHPC (upper right), (C) 







3.2.2.2 Idexx Quanti-Tray System 
 
Another method used for detection of bacteria as an alternative to membrane 
filtration was by IDEXX Quanti-Tray® Sealer Model 2X (Figure 3.9). Two IDEXX 
assays, Enterolert® and Colilert®, have proven to be effective ways to determine the 
amount of bacteria present. Both Enterolert® and Colilert® kits are semi-automated 
methodologies using the most probable number (MPN) for quantification (Edberg and 
Edberg, 1988; Edberg et al., 1988, 1990; Jenkins et al., 2008). IDEXX uses a chart for 
bacteria enumeration formatted for big wells, set vertically and small wells, set 
horizontally. Colilert® is used more than all U.S. EPA-approved and included in 
Standard Methods for Examination of Water and Wastewater. The IDEXX system is a 
rapid and simple assay that can help determine the concentrations of Escherichia coli, 
Total Coliform, and Enterococci present in the water before and after treatment. Its 
application is a liquid based alternative to membrane filtration for enumeration of 
bacterial indicators. Liquid based test kits developed by IDEXX provide the convenience 
of ready-made media that works well for high turbid waters which can limit the utility of 
the membrane filtration procedure. The Enterolert® assay is a method used to measure 
Enterococci. For this testing procedure, 100 milliliter samples of water are vacuum-
sealed into a tray using a Quanti-Tray® system. The trays are grown at 41C for 24 hours 
and read after 24 hours for the amount of Enterococci present. When under UV lighting 
Enterococci  colonies are fluorescent and can be properly measured using the most 





nature, although the procedure is done the same. Idexx offers three different tests for E. 
coli and total coliform; being Colilert® which is the least expensive and most popular 
Defined Substrate Technology® (DST®). Colilert®-18 can be used for rapid testing, new 
construction and new well samples. Colisure® is stronger in nature and allows for a 
broadened reading window of 24 - 48 hours. Idexx offers brands of E. coli and total 
coliform testing methods for different sampling conditions approved by U.S. EPA that 
give results in 18, 24, or 48 hours. Color signals can also be chosen from yellow to 
magenta endpoint signals. Table 3.2, summarizes all of the features of each colilert test 
such as the Coliform signal, E. coli signal, shelf life, formats, prewarming, and 
quantification options. It is used for E. coli and detects Total Coliform Units (TCUs). The 
TCU’s using the Colilert® will appear yellow in the sealed trays once incubated at 35°C 
for 24 hours. In Figure 3.11, positive coliform units are shown in normal spectrum light. 
Samples that haven’t tested positive appear to be clear or faint yellow liquid. E. coli 
presence in the sample can be detected under black or UV lighting and positive cells 
glow fluorescent similar to enterococci (Figure 3.12). Negative samples display no 






Figure 3.9 IDEXX Quanti-Tray® Sealer Model 2x 
Table 3.2  IDEXX’s Coliform and E. coli tests 
 
Feature Colilert Colilert-18 Colisure 
Time to 
Result 24 hours 18 hours 24 hours 
Incubation 




Tray®/ 2000, MPN tubes 
Quanti-Tray®/ 2000 
and MPN tubes 
Quanti-Tray®, 
/ 2000 and 
MPN tubes 
Shelf Life 
Up to 12 months at 4 -
30°C 
Up to 15 months at 2 -
25°C 
Up to 12 
months at 2 -
25°C 
Formats 
10 mL predispensed, 100 
mL, 250 mL 
100 mL 100 mL 
Prewarming 
No prewarming required 








ONPG turns yellow ONPG turns yellow 
CPRG turns 
from yellow to 
magenta 
E. coli Signal 











Figure 3.10 Enteroccoci under ultraviolet lighting  
 
 







Figure 3.12 E. coli under ultraviolet lighting 
3.2.3 Measurement of Potassium Peroxymonosulfate 
 The chemical oxidant, potassium perxyomonsulfate was measured using a Denver 
instrument SI-203 scientific scale that quantifies mass measurement in grams (g), 
milligrams (mg), etc. and has a maximum capacity of 200 g. For the CRP formation, 0.3 
g of potassium peroxymonosulfate is carefully measured out and placed in a weigh dish, 
which is then added and mixed to the melted polymer. Stir bars are used to adjoin both 
the polymer and chemox into pellet form. Permanent markers were used to label mass 
amounts for identification once measured. 
3.2.4 Controlled Release Oxidation Polymer 
  The CRP is developed using a simple melting technique to fuse the polymer, 
Polycaprolactone (PCL) with the chemical oxidant, Potassium Peroxymonosulfate. This 





2004 who employed the encapsulation of Potassium Permanganate (KMnO4) within a 
paraffin wax as a matrix coating material. Through tested experiments, it has been found 
that the ratio of oxidant used per polymer should be approximately 60%, or 0.3g of 
chemical oxidant per 0.5g of polymer. Any blend below or beyond this 60% ratio tends to 
not mesh very well and difficult in maintaining stability. First, PCL is measured 
separately using a scientific scale that measures weight amounts from milligram (mg) 
into gram (g) and placed into a hexagonal plastic holder. Once this is done the 0.5 g of 
PCL is set aside. Next, 0.3g of Potassium peroxymonosulfate is measured out and set 
aside. Simultaneously, a Fisher Scientific Isotemp (Stirrer/ Heater) is turned on to a 
temperature of 200-250ºC. Using an aluminum cooking pan (i.e. pie pan), the PCL is 
placed into the pan onto the burner and given 5 minutes or so to melt. The melting 
process turns the white opaque PCL pellets translucent, similar to hot glue. Once melted, 
the oxidant is added and constantly mixed with the PCL using spatulas. This process of 
mixing takes approximately 1-2 minutes. Once thoroughly mixed, the poly-oxone blend 
can then be taken out of the aluminum pan and rolled into oblong, rod shaped structure 
which are roughly an inch (in) in length and 0.3-0.5 centimeters (cm) in diameter. 
Afterwards, the CRP is cut using regular household scissors into smaller 0.3-0.5 cm 
segments seen in Figure 3.13, stored and ready for treatment. When using for treatment, 
the entire mixture goes into a sample to appropriately release the 60% ratio blend.  For 
purposes of remediation, the CRP can release the chemical oxidant over periods of time 






Figure 3.13 Batch of controlled release polymer (CRP) containing chemical oxidant 
3.3 Experimental Procedures 
 The procedures conducted exemplify situations in which natural disasters or even 
a terrorist plot becomes is realized. With best available material and knowledge, 
experiments were set-up to form basic understandings of situational events were they to 
happen. These scenarios are natural flood disasters, terrorist attack by biological or 
microbiological weapons, and/ or leaking infrastructure which results in contamination of 
soil or underground water source.  
3.3.1 Intentional and Accidental Contamination 
 Intentional release of contaminated water was simulated. Mimicking an event 
where contaminated water is purposefully injected into a water supply that is to be 
released into public distribution systems and consequently has the potential to affect 
domestic, industrial, municipal users, and others. Contaminants were introduced percent 





concentrations of lagoon water were added to Millipore or PBW. Volumes totaling 200 
ml and 300 ml volumes  were poured inside 1 L sterile bottles where injections of swine 
and cattle wastewater followed. These samples were shaken 25 times to form an accurate 
amalgamation. Colilert® and Enterolert® assays were used for the quantification of 
bacteria reduction once the water had been effectively treated with our oxidant-polymer 
release system.  The basis of these types of experiments involved spies or secret agents of 
destruction and terror releasing one-time events of biological contaminants into clean 
water sources after disinfection that flows from water and wastewater treatment plants 
into the distribution system and consequently flowing into homes, schools, hospitals, 
offices, municipal buildings, recreational parks, etc. Accidental contamination 
represented naturally occurring disasters such as floods and water runoff to represent 
biological waste containing waterborne pathogens ending up in nearby water systems. 
Virtually the same experiments as intentional pollution were run and displayed similar 
results. This is of special importance to DHS with respect to flood mitigation and 
protection of communities in unforeseen incident where this occurs. Examples of 
accidental contamination due to natural disasters include water contamination following 
the 2005 floods due to Hurricane Katrina and the 2010 floods in Tennessee. This is also 
transferrable to other regions of the world such as the 2004 and 2011 tsunamis in 





3.3.2 Repeated Pulse Contamination 
 Repeated pulse dose experiments gave an idea of what to expect when liquid 
contaminants are continually injected into a clean water source. This event simulated a 
multiple insertion of contaminants into sterile water and the response treatment of our 
oxidant-polymer release system. Four liters (4 L) of water was placed into a 12 gallon 
tank along with 200 ml of swine wastewater, and allowed to settle. The tank acts as a 
CSTR so once thoroughly mixed; 200 ml in total was extracted for quantification by 
Enterolert® and Colilert® assays. Therefore, the CRP was introduced into the mixture to 
start treatment. About 2-3 days following the primary treatment, an additional 200 ml of 
swine waste was applied as a second dose event. In total, the exercise lasted 7 days to 
monitor fecal bacteria levels  after two separated pulse dose events and inactivation by 






CHAPTER 4  
RESULTS AND DISCUSSION 
Our research proved that a controlled released polymer containing chemical 
oxidants is effective for the treatment of infectious agents in contaminated water. Water 
samples were collected from dairy and swine waste lagoons. From the analysis it was 
discovered that E coli, enterococci, heterotrophic bacterium, and clostridium were present 
in the lagoon water. Each of these pathogens were effectively treated and inactivated by 
our polymer. Using an IDEXX Quanti-Tray
®
 System, two experiments showed 
promising results utilizing both the chemical oxidant and the polymer. In this section, 
evidence will be demonstrated by 1) A dose-response experiment conducted to 
investigate the amount of oxidant needed to reduce known pathogens. Figures 4.1 and 4.2 
exemplify the successfulness of the chemical oxidant. 2) Time-response experiments 
were conducted using our controlled release polymer. The time-response experiment 
proves the effectiveness of our controlled release polymer as log reductions are achieved 
within EPA’s requirements. Figures 4.3 and 4.4 display the results for the CRP’s time-
response. In addition, for the treated volumes, the CRP manages to significantly reduce 
Enterococci and E. coli concentrations within a 2-4 day period.  
4.1 Potassium Peroxymonosulfate Studies 
4.1.1 Color and Odor 
 Dose response studies were taken to determine effectiveness of oxidant treatment.  





measurements ranging from 0.05 g to 1 g (Figure 4.1) were added to 100 ml of raw 
lagoon sample into sterile specimen jars. Each sample was vortexed and allowed to react 
for 30 min. After the allotted time, it was evident that both color and smell were 
dependent on the amount of oxidant added. The raw lagoon sample on the left containing 
no oxidant visually had a dark greenish to brownish appearance with a pungent, rancidity. 
Treated samples changed from dark brown (e.g. untreated raw lagoon) to a lighter brown 
(e.g. 0.05 g - 0.4 g). Starting from 0.4 g – 1.0 g, it was clear that the oxidant removed 
smell and odor and whitened color of lagoon waste. The 0.8 g – 1.0 g samples however 
began to have a strong bleached odor to them.  
 
 




 The Oxone® works exceptionally well for treating bacterial pathogens in 
water. Currently, an Oxone® dosage alone is capable of diminishing TC, EC, and FE; the 





reaction resembles that of a continuous stirred tank reactor (CSTR). When using the 
oxidant several problems do arise.  After mixture, pH proves to make the lagoon water 
more acidic. Figures 4.2 and 4.3 promulgate pH levels from neutral to acidic levels 
depending upon amount of oxidant in sample. For tested samples of E. coli and Total 
coliform, 1.0 g of oxidant lowered pH levels to nearly 4, which is highly acidic for 
human consumption. Figure 4.4 displays pH levels for both Enterolert® and Colilert® 
kits.  Samples were arranged from Prep A through Prep F; Prep A being the least amount 
of oxidant added and Prep F the highest amount of oxidant used. Prep A contained 0.1g, 
Prep B, 0.2g, Prep C, 0.4g, Prep D, 0.6g, Prep E, 0.8g, and Prep F, 1.0g of oxidant as 
shown in Table 4.1. From Prep A to Prep D, pH ranges are still variably in between 8 and 
6. Prep E begins to fall slightly under 6 with a 5.71 reading for Colilert® and a 5.66 
reading for Enterolert®. Prep F containing 1.0 g of oxidant in 100 ml of sample dropped 
to 4.18 for Colilert® and 4.34 for Enterolert®.  As the oxidant dosage increases the more 
it bleaches and the pH level begins to become  acidic. Potable drinking water ranges from 
6-8 on the pH scale. The difficulty with using Oxone® as our oxidizer is how to 









Table 4.1 Oxidant dose concentrations for dose response on swine lagoon water 
Sample Oxidant Mass (g) 
Pos. Control 0.0 
Prep A 0.1 
Prep B 0.2 
Prep C 0.4 
Prep D 0.6 
Prep E 0.8 
Prep F 1.0 
 
 
Figure 4.2 pH variation as function of oxidant dose on E. coli and Total Coliform in 















Oxidant Mass (g) 





                    
Figure 4.3 pH variation as function of oxidant dose on Enterococci in swine lagoon 
water 
 
Figure 4.4 Radar-web diagram of oxidant dose response on swine lagoon water for 
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Prep A 0.1g Ox 
Prep B 0.2g Ox 
Prep C 0.4g Ox 
Prep D 0.6g Ox  
Prep E 0.8g Ox 







4.2 Fecal Indicator Bacteria Reduction using Potassium Peroxymonosulfate 
4.2.1 Reduction of Indicator agents in Swine Wastewater 
 The effects of potassium peroxymonosulfate on pathogens found in swine water 
can be seen in Table 4.2 for samples Prep A-F. In dose response experiments different 
measurements of oxidant were used to monitor bacterial decay depending upon the 
oxidant dose. This helped determine the amount of oxidant needed to reduce known 
pathogens. Each sample was allotted a 30 min reaction time with the oxidant. E. coli in 
Figure 4.5 resulted in a 1 log reduction by an oxidant concentration of 0.1 grams. To use 
0.2 g would fully diminish E. coli colonies. In Figure 4.6 Total Coliform counts are also 
reduced by 0.1 g of oxidant of a log reduction nearly above 2 logs. Enterococci in Figure 
4.7 obtain a log reduction of 3 logs when reacted with 0.1 g of oxidant. 0.2 g of chemical 
oxidant results in a log reduction of about 2. In our polymer control release system 
(which will be discussed in Chapter 4.3) 0.3 g of oxidant is required to deliver an amount 
efficient enough to work as a release system, moreover only 0.2 g of oxidant is needed if 
separately applied to reduce known fecal indicators in wastewater. Table 4.3 promulgates 
the reaction kinetics for Enterococci and E. coli shown in Figure 4.8. E. coli inactivation 
only required 0.1g of chemox, while Enterococci was inactivated by 0.2g of chemox. The 
reaction kinetics in Table 4.3 are proven to be zero-order kinetics with both species of 
bacteria having half-lives of 0.05 and k-values of nearly 2.4E+04. Table 4.4 displays the 
















Log Enterococci/ 100 ml 
Pos. Control 0.0 3.3837 3.3837 3.3837 
Prep A 0.1 1.1303 2.3041 3.3837 
Prep B 0.2 0 0 1.6117 
Prep C 0.4 0 0 0 
Prep D 0.6 0 0 0 
Prep E 0.8 0 0 0 
Prep F 1.0 0 0 0 
 
  
Table 4.3   Zero-order kinetics for Enterococci and E. coli reduction by oxidant 
response in swine lagoon water 




















































Figure 4.6 Oxone treatment on Total Coliform per 100 ml of swine water using 0.1g 
to 1.0 g of oxidant 
 
Figure 4.7 Oxone treatment on Enterococci per 100 ml of swine water using 0.1 to 



























































Table  4.4 First-order kinetics for Total Coliform reduction by oxidant response in 
swine lagoon water 
Fecal Indicator/ 100 ml R
2


































Enterococci/ 100 ml 






Figure 4.9 First-order reaction kinetics for Total Coliform reduction by oxone 
treatment 
 
4.2.2 Reduction of Indicator agents in Dairy Wastewater 
 The same experiment was run using dairy lagoon wastewater. Log reductions of 
pathogens in dairy differ from swine waste.  E. coli and TC as a function of oxidant 
dosage required an increase in Oxone® which significantly indicates pathogenic 
microorganisms in dairy waste have a higher survival rate. Oxidant dosages of 0.4 g and 
0.6 g were needed to eliminate known pathogens. As seen in Figure 4.10, 0.4 g of oxidant 
delivered a log reduction of 6 logs for E. coli and 0.6 g resulted in a 7 log reduction for 
TC. Figure 4.11 displays fecal Enterococci reduction as a function of the oxidant dose. 
When 0.8 g of oxidant was used it delivered a log reduction of 5 logs for Enterococci. All 






























Figure 4.10 Oxone treatment on E. coli and Total Coliform per 100 ml dairy lagoon 
water 
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4.3 Time Response using Controlled Release Oxidation Polymer System 
4.3.1 Pathogen Removal in Swine Wastewater 
 Pollution of general tap water incorporating 50% contaminated samples and 
treatment by CROP, using Idexx Quanti-Tray System for bacterial was analyzed. An 
experiment using diluted (e.g. 10
-1
) samples and contaminated percent by volume was 
completed. In contamination of general tap water for 50% contamination, using Idexx 
Quanti-Tray System,volumes of 200 ml and 300 ml were collected and contaminated 
accordingly (i.e. 100 ml of swine into 100 ml of tap for 200 ml and 150 ml of swine into 
150 ml of tap for 300 ml).  This experiment was conducted for a time period of three days 
where days 2 and 3 are treatment days.  Day 1 was a simple dilution study to determine 
appropriate use of dilutions; this day can be disregarded. The pH of treated (T) and non-
treated (NT) samples were measured for all three days and recorded. Samples were left 
for treatment for an additional 16 days. On day 19, the pH was recorded once again and 
the Colilert® assay was performed for E. coli and Enterococci. Figure 4.12 maps pH 
levels obtained through the length of 19 days. As displayed, pH levels remain within 
neutral 8-6 which is acceptable. However, on day 19, NT 200 ml and NT 300 ml samples 
became acidic below the acceptable levels and read as 5.33 and 5.82 respectively. This 
suggests that for extended periods of treatment, more water may have to be added to 
dilute and restore the pH to neutral. Figures 4.13 and 4.14 promulgate the same pH 
readings from days 1-3 for a more easily readable view; one being available in scatter 





compared to those treated are relatively higher by roughly a hundredth of a decimal. For 
day 1, the pH’s for the treated samples continue to drop nearly to 7.5 as the oxidant is 
released by the polymer. The non-treated samples decline in pH also as the bacteria 
begins to die of f. On day 2, NT 300ml falls from 7.8 to 7.6 as every other sample 
virtually remains the same.    
Table 4.5 summarizes log reduction levels of indicator bacteria in swine 
wastewater. Non-treated samples recorded for day 0 are initially 4.68 logs/ 100 ml. After 
treatment, for 200 ml Enterococci falls to 4.03 logs, Total Coliform remained at 4.68 
logs, and E. coli dropped to 2.18 logs on day 1. For 300 ml treatment, Enterococci fell to 
4.54 logs, but Total Coliform and E. coli remained at 4.68 logs on day 1. Day 2 treatment 
for 200 ml resulted in 3.51 logs for Enterococci and 1.30 logs for both Total Coliform 
and E. coli. Bold and italicized numbers indicates anomalies and possible cross 
contaminations. Day 2 treatment for 300 ml reduced Enterococci and E. coli to 1.30 logs. 
Total Coliform was reduced down to 1.78 logs. 16 days following, the Colilert® assay 
was ran to test for remaining Total Coliform and E. coli. For 200 ml, all Total Coliform 
and E. coli was virtually extinguished and reported at 0.301 logs. The 300 ml treatment 
reported 0.301 logs for E.coli, but  an increase in bacteria for Total Coliform, which attest 
to some sort of error. Bold and italicized numbers indicate possible anomalies and cross 
contaminations which can be seen for day 19 in columns Total Coliform and E. coli for 
NT 200 ml, NT 300 ml, and T 300 ml. Log reduction spreads are shown in Figures 4.15, 
4.16, and 4.17 for E. coli, Total Coliform, and Enterococci. Table 4.6 entails the reaction 





zero-order kinetics. Table 4.7 displays first-order kinetics for T 200 ml Enterococci and 
E. coli reaction kinetics in Figure 4.19. Table 4.8 pertains to T 300 ml samples which all 
react on zero-order kinetics and shown in Figure 4.20. 
 
Figure 4.12 pH of treated (T) vs. non-treated (NT) control of swine lagoon water 
















NT 200 ml 50% 
NT 300 ml 50% 
T 200 ml 50% 






Figure 4.13 pH of treated (T) vs. non-treated (NT) control of swine lagoon water 
from day 1 to  day 3 
 
Figure 4.14 Scatter plot of pH treated (T) vs. non-treated (NT) control of swine 















NT 200 ml 50% 
NT 300 ml 50% 
T 200 ml 50% 















NT 200 ml 50% 
NT 300 ml 50% 
T 200 ml 50% 














































 NT 200 ml 
 T 200 ml 
 NT 300 ml 












Log E. coli/ 100ml 
Non-Treated 200 ml 
  0 4.68477 4.68477 4.6848 
  1 4.68477 4.68477 4.6848 
  2 4.68477 4.68477 3.3084 
19 -- 3.68477 2.2355 
Treated 200 ml 
  0 4.68477 4.68477 4.6848 
  1 4.02816 4.68477 2.1761 
  2 3.50947 1.30103 1.301 
19 -- 0.30103 0.301 
Non-Treated 300 ml 
  0 4.68477 4.68477 4.6848 
  1 4.68477 4.68477 4.6848 
  2 4.68477 4.68477 2.1584 
19 -- 3.68477 2.3222 
Treated 300 ml 
  0 -- -- -- 
  1 4.5398 4.68477 4.6848 
  2 1.30103 1.77815 1.301 










Figure 4.16 Controlled release treatment on Total Coliform for 200 ml and 300 ml 





Figure 4.17 Controlled release treatment on Enterococci for 200 ml and 300 ml of 
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 50% 10-1 NT 200 ml 
 50% 10-1 T 200 ml 
 50% 10-1 NT 300 ml 





Table 4.6 Zero-order kinetics for controlled release treatment on 200 ml swine 
lagoon water 





k value Concentration Eq. 
Half-Life 
(bacteria/min) 
Total Coliform/ 100 ml 1 4.84E+04 C=Co-4.84E+04t 0.02 
 
 
Figure 4.18 CRP treatment of Total Coliform along zero-order reaction kinetics on 
200 ml swine lagoon water 
 
 
Table 4.7 First-order kinetics for controlled release treatment on 200 ml swine 
lagoon water 
Fecal Indicator/ 100 ml R
2
 value k value Concentration Eq. 
Half-Life 
(bacteria/ min) 
ln Enterococci/ 100 ml 0.9954 1.35 C=Coe
-1.35t
 0.51 



































Figure 4.19 CRP treatment of E. coli and Total Coliform along first-order reaction 
kinetics on 200 ml swine lagoon water 
 
Table  4.8 Zero-order kinetics for controlled release treatment on 300 ml of swine 
lagoon water 
Fecal Indicator/ 100 
ml R
2




Enterococci/ 100 ml 0.9414 2.42E+04 C=Co-2.42E+04t 0.05 
E. coli/ 100 ml 1 4.84E+04 C=Co-4.84E+04t 0.02 
Total Coliform/ 100 
ml 
































Figure 4.20 CRP treatment of E. coli, Enterococci, and Total Coliform along zero-
order kinetics on 300 ml swine lagoon water 
 
4.3.2 Pathogen Removal in Dairy Wastewater 
 As the previous experiment using Idexx, both 200 and 300 ml samples were 
treated with the CRP.  Accurate volumes of 200 and 300 ml of raw samples were 
compiled into 1000 ml bottles. The CRP was made with the proportion of 0.3g OX/0.5 g 
P. Each container received 5-10 pellets and allowed to react for its allotted time of 30 
minutes. Figures 4.21 and 4.22 prove that the CRP proportion is effective for small 
volumes of sample. Reductions of log 0 were achieved in 2-4 days, for 200 ml samples. 
On the other hand, bacteria in the 300 ml samples survived longer and were reduced to 






























Figure 4.21 Controlled release treatment on Enteroccoci in 200 ml and 300 ml dairy 
lagoon water 
 
Figure 4.22 Controlled release treatment on E. coli and Total Coliform in 200 ml 
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4.4 Intentional Contamination of Tap Water 
 Known physical characteristics of water are its hardness, color, turbidity, and 
smell. The chemical properties of water are its pH and its chemical constituent. While 
using the oxidant, chemically as proven already the pH is tremendously affected. 
Physically, odors from the swine/ cattle waste lagoons are bleached and tend to oxidize 
the smell of the liquids. Appearance seems to still be lightly tinged with a hint of yellow. 
Although while being pumped through a pipette the water appears clear. Referring back 
to research conducted for DHS, at MSU, tap water was contaminated with cattle lagoon 
wastewater in doses of 1%, 10%, 20%, 30%, 40%, and 50%; this can be seen in Figures 
4.23 and 4.24 before and after exposure. This experiment mimicked possible 
environmental safety issues such as intentional contamination, improper treatment of 
wastewater, failing septic systems, and/or the release of wastewater by excessive 
precipitation. Upon polluting tap water, we made observations on the samples according 
to their appearance, formed a hypothesis, and then tested the pH levels of each sample. 




 were taken from both the 1% and 10% specimens, 
mainly because they were the two least contaminated samples, and tested for E. coli, TC, 
and Enterococci. From the results, both the 1% and 10% contained exceeding amounts of 
all three bacteria. Even though the 1% contamination looked like viable, potable, and 













Figure 4.24 General tap water contamination of 1%, 10%, 20%, 30%, 40%, and 





4.5 Pulse Dose Contamination 
 
 Pulse dose experiments best exemplified contaminants being introduced into a 
system in repetition. For example, storm water runoff that carries pathogens into rivers, 
streams, lakes, and ponds in addition to groundwater infiltration. The purpose of this 
experiment was to investigate the overall removal of pathogens using the CRP if 
contaminants were to “run off” into a clean water system repeatedly. Figure 4.25 depicts 
the indicator bacteria reduction from the pulse dose analysis. Days 1 through 3 denoted 
the initial pulse and on day 4, more contaminants were added to the system. Figure 4.26 
illustrates the same reductions in log form. Initially, all samples begin roughly around 3.5 
logs. A steady decline can be seen for all samples after 24 hours of treatment evident on 
day 2 and even further into day 3. On day 4, once pollutants were re-introduced, the 
concentration levels elevated as predicted. Following day 4, E. coli was completely 
eradicated on day 5. Since day 4, Enterococci was reduced from nearly 3 logs to roughly 
1.4 logs by day 7. Total Coliform reduced to nearly 2 logs by day 7. Table 4.9 delineates 
the zero-order kinetics from days 1-3 for TC and EC shown in Figure 4.27. Table 4.10 
outlines first-order kinetics from days 1-3 for Enterococci shown in Figure 4.28. Table 
4.11 depicts first-order kinetics for TC, EC, and FE from days 4 through 7 after re-






Figure 4.25  Controlled release treatment on Enterococci, E. coli, and Total 
Coliform per 100 ml swine lagoon water in pulse dose event 
 
 
Figure 4.26 Log reductions of controlled release treatment on Enterococci, E. coli, 
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Table 4.9 Zero-order kinetics for controlled release treatment during pulse dose 
event from day 1 to day 3 
Fecal Indicator/ 100 ml R2 
value 




Total Coliform 0.943 1.20E+03 C=Co-1.20E+03t 1.01 




Figure 4.27 CRP treatment of Total Coliform and E. coli per 100 ml swine lagoon 
water along zero-order reaction kinetics during pulse dose event from day 1 to day 3 
  
y = -1195.9x + 3785.2 
R² = 0.943 
y = -1208.3x + 3695.3 
R² = 0.9907 
y = -193.27x + 1277.5 
R² = 0.8131 
y = -0.3x + 2.9 
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 E. coli/ 100 ml 
 TC/ 100 ml 
 E. coli/ 100 ml 
Linear ( TC/ 100 ml) 
Linear ( E. coli/ 100 ml) 
Linear ( TC/ 100 ml) 





Table 4.10 First-order kinetics for controlled release treatment during pulse dose 
event from day 1 to day 3 
Fecal Indicator/ 100 ml 
R2 value 









Table 4.11 First-order kinetics for controlled release treatment during pulse dose 
event from day 4 to day 7 








ln(Ent/Ento)/ 100 ml 0.9574 1.18 C=Coe
-1.18t
 0.587 
ln(TC/Tco)/ 100 ml 0.9873 1.02 C=Coe
-1.02t
 0.679 










Figure 4.28 CRP treatment of Enterococci per 100 ml swine lagoon water along 
first-order reaction kinetics day 1 to day 3 and CRP treatment of Enterococci, E. 
coli, and Total Coliform per 100 ml swine lagoon along first-order reaction kinetics 
during pulse dose event from day 4 to day 7 
 
4.6 Microbial Risk Assessment Approach 
 The probability of infection of strains of E. coli compared to Salmonella and 
Vibrio cholera was determined using a mathematical modeling equations, Beta-Poisson 
and the Exponential model (Eqns. 4.1 and 4.2). These two mechanistic dose-response 
models are based on a single surviving organism that has the ability to spread and cause 
response. The Beta-Poisson (i.e. hypergeometric) dose-response model has been in use 
for Quantitative Microbial Risk Assessment (QMRA) since Haas (1983). The simple 
exponential model has one parameter, k, which represents the probability that one 
organism will survive to initiate the final end state. The Beta-Poisson involves two 
parameters, alpha (α), the slope parameter and beta (β) (Teunis, Takumi, & Shinagawa, 
y = -1.6827x + 1.6332 
R² = 0.9974 
y = -1.1829x + 3.2711 
R² = 0.9574 
y = -1.02x + 0.3784 
R² = 0.9873 
y = -0.2079x - 6.4744 























 ln (Enterococci/ 
Einitial)/ 100 ml 
 ln (Enterococci/ 
Einitial)/ 100 ml 
 ln(TC/TC initial)/ 100 
ml 
ln (E. coli/ E. coliinitial)/ 
100 ml 
Linear ( ln (Enterococci/ 
Einitial)/ 100 ml) 
Linear ( ln (Enterococci/ 





2004).  The Beta-Poisson model can further be simplified using correlations between N50 
(Eq. 4.3), the median effective dose and β (Eq. 4.4).  This creates a more simplistic 
version of the mathematical model into what is known as the Modified Beta-Possion (Eq. 
4.5). 
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Similar to Salmonella, E. coli strands are divided based on the serotyping of the 0 
antigens (e.g. E. coli 01, 0111, and 0157). Some strains are responsible for producing 
urinary tract and other enteric infections as well as food poisoning. E. coli is further 
subcategorized into four groups: Enteropathogenic (EPEC), Enteroinvasive (EIEC), 
Enterotoxigenic (ETEC), and Enterohemorrhagic (EHEC).  EPEC is the cause of infantile 
gastroenteritis. ETEC is the cause of dysentery-like illnesses. ETEC is the cause of 
traveler’s diarrhea. EHEC is the cause of hemorrhagic colitis (HC) and occasional 
hemolytic uremic syndrome (HUS) (Eley, 1997). Table 4.12 summarizes the 





probability of infection for dose response models in microbial risk assessment. Figures 
4.29 and 4.30 display QMRA data retrieved by MSU’s Center for Advancing Microbial 
Risk Assessment (CAMRA). Former case studies on various bacteria, viruses, and other 
harmful agents are organized on CAMRA’s wikipedia page (wiki.camra.msu.edu). The 
content gathered to compose a chart comparing several strains of E. coli versus 
potentially more harmful bacteria such as Salmonella and Vibrio cholera are found on the 
‘Dose Response’ page of the webpage. Referring to the figures, Salmonella and Vibrio 
cholera prove to be more infectious than the several strains of Escherichia coli. For 
instance, at 100 bacteria colonies ingested per 100 ml of water, there is about a 60% 
chance of getting infected by Salmonella. For less severe Shiga toxin-producing E. coli 
(STEC) there is only about a 20% risk of being infected in that same amount of bacteria 
count per 100 ml of water.  
Table 4.12  Mathematical parameters for beta-poisson and exponential dose 
response models of QMRA 
Pathogen Parameter Reference 




Teunis et al. 2004 
Enterotoxigenic E. coli (ETEC) 
α=0.0754 
N50=1.70E+06 
Levine et al. 1979, 1980, 
1982; Clements et al. 
1981; Graham et al. 1983; 
Coster et al. 2007 
Enteropathogenic E. coli (EPEC) 
k=1.97E-09 
N50=3.51E+08 
Bieber et al. 1998 
Salmonella 
α=0.21                
β=49.78 












Figure 4.29 Probability of infection of Shiga Toxin-producing E. coli (STEC), 
Enterotoxigenic E. coli (ETEC), Enteropathogenic E. coli (EPEC), Salmonella, and 
Vibrio cholera. Displays QMRA modeling of probable infection if certain doses of 
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Figure 4.30 Probability of infection of STEC, ETEC, EPEC, Salmonella, and Vibrio 
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CHAPTER 5  
CONCLUSION 
The investigation of a controlled release system was evaluated. Through 
microbial analysis, pathogenic organisms found in swine and dairy waste fecal material 
were treated using (1) a chemical oxidant and (2) a controlled release oxidant polymer 
(CROP). The chemical oxidant in operation is potassium peroxymonosulfate, 
commercially available as Oxone® (DuPont Co.). The encapsulation of Oxone® was 
patented by Dr. Stephanie Luster-Teasley (US 2009/0105371 A1) using poly (ε-
caprolactone) or PCL polymer. Polycaprolactone is a biodegradable aliphatic polyester 
that is highly important and widely used for bio-medical and agricultural applications 
(e.g. drug-delivery systems, medical devices, tissue, bone, cartilage, tendon and ligament, 
cardiovascular, blood vessel, skin, and nerve engineering, also for encapsulation of 
chemox delivery system). In the past decade, the utilization of Oxone® as an oxidizing 
remediation technology has been widely researched. Much literature is available for the 
use of Oxone® as a disinfectant (Anipsitakis & Dionysiou, 2003, 2004a; Anipsitakis, 
Dionysiou, & Gonzalez, 2005; Anipsitakis, et al., 2008; Delcomyn, et al., 2006; Luster-
Teasley, 2011). Most research concludes the same reasoning that potassium 
peroxymonosulfate as an chemical oxidant for inactivation of pathogens is an effective 
tool that needs to be continued for further exploration.  
 Experimental evaluations of oxidant effect on raw samples proved meaningful to 





color appearance after the oxidant has been added to a raw 100 ml sample. It was evident 
that the odor and color were dependent upon the amount of oxidant added. In an oxidant 
dose concentration experiment, oxidant doses were measured 0.1g, 0.2g, 0.4g, 0.6g, 0.8g, 
and 1.0g of chemical oxidant and tested for pH in addition the physical characteristics. 
Similar to a bleaching effect, the water samples were altered in color and became 
achromatized with a bleached aroma emanating from the sample containers. This is 
pertinent for its potential application as a pollutant disinfectant or remediation device in 
water. The use of chlorine as a disinfectant is popular among water treatment facilities, 
but DBP’s are the disadvantage of using chlorine and chlorine substitutes. pH values 
were also affected depending the oxidant concentration. Simply put, the higher the 
chemical oxidant concentration, the more acidic your sample will be. Normally samples 
will remain fairly neutral. Moreover, it was evident in a dose response experiment 
(Chapter 4.3.1) that the oxidant also turned samples acidic after elongated periods of 
reaction time. The effectiveness of the oxidant as a deactivator proved to be substantial. 
Using different water analysis methods (i.e. water filtration and IDEXX) to study 
potassium peroxymonosulfate and potassium peroxymonosulfate + PCL polymer on 
indicator pathogens resulted in significant findings. Pulse dose studies resulted in 
elongated treatment of wastewater in the event of re-contamination episodes. For a period 
of 7 days, a single batch of peroxymonosulfate + PCL per 100 ml of lagoon water treated 
and continued to treat throughout two dose events. This proves that a single preparation 
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